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ABSTRACT
We present 5.5 and 9.0GHz observations of a sample of seventeen GRB host galaxies at
0.5 < z < 1.4, using the radio continuum to explore their star formation properties in
the context of the small but growing sample of galaxies with similar observations. Four
sources are detected, one of those (GRB100418A) likely due to lingering afterglow
emission. We suggest that the previously-reported radio afterglow of GRB100621A
may instead be due to host galaxy flux. We see no strong evidence for redshift evolution
in the typical star formation rate of GRB hosts, but note that the fraction of ‘dark’
bursts with detections is higher than would be expected given constraints on the
more typical long GRB population. We also determine the average radio-derived star
formation rates of core collapse supernovae at comparable redshift, and show that
these are still well below the limits obtained for GRB hosts, and show evidence for a
rise in typical star formation rate with redshift in supernova hosts.
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1 INTRODUCTION
Long Gamma Ray Bursts (GRBs) are potentially a valu-
able probe of star forming galaxies. Arising from the core
collapse of a massive star (e.g. Woosley & Heger 2006),
they indicate the presence of recent star formation and
are typically associated with the most intensely star form-
ing region of their host galaxies (Fruchter et al. 2006;
Svensson et al. 2010). Optical and ultraviolet observations
of those hosts galaxies have suggested that these tend to
be relatively low in metallicity (e.g. Graham & Fruchter
2013) and mass (e.g. Castro Cero´n et al. 2010), with modest
star formation rates (e.g. Christensen, Hjorth, & Gorosabel
2004; Savaglio, Glazebrook, & LeBorgne 2009). Thus they
allow the selection and study of a galaxy population that
may represent the low mass tail of the ultraviolet-selected,
high redshift Lyman break galaxy luminosity function, and
could plausibly dominate the ionising photon density of
the Universe at early times (Chen et al. 2009; Tanvir et al.
2012).
If GRBs are an unbiased tracer of star formation, then
they would be expected to occur in the galaxies dominating
the star forming population at a given redshift. The phe-
nomenon of ‘downsizing’ (Cowie et al. 1996) describes the
tendency of star forming galaxies at low redshifts to be lower
in mass, and also in metallicity, than the bulk of the galaxy
population. Local radio surveys suggest that the majority
of star formation at z < 0.1 occurs in a narrow range of
⋆ E-mail: e.r.stanway@warwick.ac.uk
radio luminosities, corresponding to star formation rates of
1.5-15M⊙ yr
−1 (Condon, Cotton, & Broderick 2002). More
massive galaxies formed their stars at earlier times, typi-
cally at z > 1, and often at a higher specific star forma-
tion rate than is seen in the local Universe (see, for exam-
ple, Cowie et al. 2004; Hopkins et al. 2010, and references
therein). Thus the peak in the volume-averaged cosmic star
formation rate, in AGN activity (indicative of co-evolution
of spheroids) and in the number density of obscured star-
bursts such as submillimeter galaxies (Chapman et al. 2005)
all occur at z > 1, and the mass and luminosity of a typical
starburst decrease sharply towards z = 0.
However, there are indications that the host galaxies
of GRBs do not necessarily trace this evolving, typical star
forming population, but rather that the occurence of a GRB
may be likely in galaxies with certain physical properties re-
gardless of redshift (see Levesque 2014, for a recent review).
Extensive work in the optical and near-infrared has now pro-
duced a reasonably clear picture of the stellar populations in
GRB hosts, in those examples sufficiently close to carry out
a detailed analysis (e.g. Savaglio, Glazebrook, & LeBorgne
2009; Svensson et al. 2010) and in samples designed to
have well understood completeness and selection effects (e.g.
the ‘TOUGH’ sample, Hjorth et al. 2012; Micha lowski et al.
2012).
By fitting the spectral energy distribution of a sample
of host galaxies, Savaglio, Glazebrook, & LeBorgne (2009)
found no evidence for evolution in host galaxy specific
star formation rate or metallicity in the redshift interval
0 < z < 6, although available metallicity information was
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limited to damped Lyman-α system measurements at z > 2.
Salvaterra et al. (2012) did find evidence for a strong evolu-
tion in either the luminosity or density distribution of GRB
hosts and attributed this to a metallicity dependence in the
GRB progenitor population.
While Svensson et al. (2010) did not consider redshift
evolution, they compared GRB host locations to those of the
core-collapse supernova population (which should also trace
star formation) and found that the former occupy galax-
ies with higher optical surface brightness but less mass and
smaller radii, as also suggested by Fruchter et al. (2006) and
others. Work on supernovae themselves also support this.
GRBs have been observationally associated with type Ic su-
pernovae (Galama et al. 1998) but not with other types, and
may well trace only a part of the Ic population, with addi-
tional constraints (e.g. on the progenitor rotation) neces-
sary to generate a GRB. In local supernova samples, SNe Ic
occur in more metal rich, exceptionally star forming galax-
ies, compared to the hosts of other core collapse supernovae
(Kelly & Kirshner 2012), strengthening the case for GRBs
picking out some subset of the full star forming galaxy pop-
ulation.
However this conclusion is by no means undisputed.
As Coward et al. (2013) point out, a large number of ob-
servational selection effects as well as astrophysical biases
must be taken into account. Initial suggestions that the
GRB host population may show a sharp metallicity cut-
off (e.g. Salvaterra et al. 2012; Kocevski, West, & Modjaz
2009) have been moderated by the detection of higher metal-
licity systems (e.g. Levesque et al. 2010a; Kru¨hler et al.
2012) with a more gradual metallicity-dependent fall off
in GRB rate now suggested (e.g. Kocevski & West 2011;
Robertson & Ellis 2012, and references therein). While some
recent studies conclude that GRBs show a pronounced aver-
sion to high metallicity (e.g. Graham & Fruchter 2013),
there are also those who believe no such dependence ex-
ists. Studies of the GRB host galaxy mass function and long
GRB burst rate, based on a large sample observed by the
GROND team, have suggested that no obvious biases in
the host galaxy properties with metallicity, mass or redshift
(Elliott et al. 2012) can be inferred, leaving this still very
much an open question.
So, if the degree to which the properties of GRB hosts
track those of the typical star forming galaxy at a given red-
shift is uncertain, converting a gamma ray burst rate to a
volume averaged star formation density (and hence to the
ionizing photon density vital for, amongst other things, hy-
drogen and helium reionisation) is fraught with difficulties
and assumptions. Not only is the detection of bursts, their
follow-up and redshift confirmation, rather an erratic pro-
cess, with a difficult to establish completion function (see
Fynbo et al. 2009; Hjorth et al. 2012; Kru¨hler et al. 2012),
but the derived star formation rates rely on prescriptions
relating the observed death of a single massive star in each
host galaxy to the stellar birth rate (e.g. Robertson & Ellis
2012).
Even studies to characterise GRB host samples in the
optical are subject to their own selection biases, such as
the possibility that some GRB host galaxies may be char-
acterised by a significant quantity of dust and obscured
star formation and hence omitted. Early sub-millimeter and
radio observations suggested that as many as a third of
GRBs could arise in these dusty and relatively massive sys-
tems (Berger et al. 2003; Priddey et al. 2006; Tanvir et al.
2004). The definition of a population of ‘Dark GRBs’
with low optical emission relative to their X-ray flux
(Jakobsson et al. 2004) again strengthened earlier sugges-
tions that dust extinction may play a role that must
be understood in the interpretation of these sources (e.g.
see discussion in Groot et al. 1998; Djorgovski et al. 2001;
Rol et al. 2005; Cenko et al. 2009; Greiner et al. 2011, and
references therein). Including this ‘dark’ population leads
to determining a much higher average dust content in
the GRB host population than previously believed, but
is still insufficient to explain the early submillimeter re-
sults (Perley et al. 2013). Studies of the lowest redshift
bursts (Stanway, Davies, & Levan 2010) and other more
recent work (e.g. Hunt et al. 2014; Perley & Perley 2013;
Micha lowski et al. 2012; Wang, Chen, & Huang 2012) has
suggested that the typical GRB host galaxy does not in fact
host large quantities of extinguished star formation.
As a result, samples of GRBs with measured ra-
dio fluxes remain small, with early work focused on de-
tailed studies of individual targets (e.g. Kohno et al. 2005;
Micha lowski et al. 2009; Stanway et al. 2011). Recent work
by Micha lowski et al. (2012) represented a substantial im-
provement in the sample of GRB hosts observed in the radio,
presenting observations for 22 z < 1 sources, including those
derived from the ‘TOUGH’ sample (Hjorth et al. 2012) and
sources compiled from the literature. Of these, three were
detected. While the constraints placed on individual sources
varied significantly from object to object, a stacking analysis
based on the median redshift of the sample suggested that
the typical undetected source may be relatively low in star
formation rate (SFR<15M⊙ yr
−1) and have dust extinction
(A2800µm < 6.7mag).
Recent improvements in correlator bandwidth, and
hence sensitivity, at the major radio observatories has
opened up the potential to change this, with observations
reaching star formation rates within a factor of a few of
the optical and ultraviolet derived values for GRB hosts
now achievable with a reasonable investment of time. In
this paper we extend the radio analysis of long GRB hosts
to higher redshifts, and increase the number of observed
sources, aiming to characterise their star formation with-
out assumptions regarding their redshift evolution. We use
the radio continuum to explore the star formation rates of
the GRB host galaxies in our sample, in the context of the
small but growing number of galaxies with similar observa-
tions. We present 5.5 and 9.0GHz observations of seventeen
GRB host galaxies at z = 0.5− 1.4. Of these, radio observa-
tions of twelve sources are reported here for the first time. Of
the remaining sources, four have previously been observed
at ∼1.4GHz (Micha lowski et al. 2012). We report 5.5GHz
flux constraints and significantly improve the observed star
formation rate limits in two cases, and present a tentative
(2.3 σ) detection at 5.5GHz of a third source. For the final
source we report a flux limit consistent with the detection
reported by Perley & Perley (2013).
In section 2 we introduce observations, taken at both
the Australia Telescope Compact Array (ATCA) and the
Jansky Very Large Array (VLA). In section 3 we examine
the two most recent bursts in detail and establish interpre-
tation as afterglow or star formation. In section 4 we discuss
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the conversion from radio flux to star formation rate. In sec-
tion 5 we discuss our results in the context of previous work
in this field, before presenting our conclusions in section 6.
Throughout, optical magnitudes are presented in the
AB system. Host galaxies are typically referred to by
the name of the associated GRB, but measurements are
those of the host galaxy unless otherwise specified. Where
necessary, we use a standard ΛCDM cosmology with
H0 =70 kms
−1Mpc−1, ΩM = 0.3 and ΩΛ = 0.7.
2 OBSERVATIONS
2.1 Sample Selection
Gamma ray bursts were selected from the data compila-
tion table1 recording burst triggers from the Swift telescope
(Gehrels et al. 2004). The primary criterion for sample se-
lection was the existence of a known redshift for the GRB or
its host galaxy, with sufficient precision to accurately derive
rest-frame properties, and sufficiently low to allow useful ra-
dio constraints.
As mentioned below and discussed in section 5.3, one
initial goal of our ATCA programme (see section 2.2) was to
evaluate whether ‘dark bursts’ differed in their radio prop-
erties from the wider population. As a result four of the
sources in this study were identified as dark bursts (lying
at z = 0.5 − 0.8), and other long GRBs at similar redshifts
were preferentially selected for our ATCA observations so
as to allow more direct comparison of their properties. The
targets for our VLA observations (section 2.3) were chosen
to lie at slightly higher redshifts, ideally at z = 1.0− 1.4, to
extend this work to earlier times and take best advantage of
the higher sensitivity of the VLA.
Southern sources were prioritized so as to maximize cov-
erage of the uv-plane in interferometric radio telescopes. If
multiple targets satisfied these selection criteria and were
accessible to the telescope during the observing programme,
then the sources observed were selected at random. As a re-
sult, and given the patchy spectroscopic follow-up of bursts
(particularly in the early years of the Swift mission), the
sample is unlikely to be complete, but nonetheless samples
the known population. All sources all satisfy the T90 > 2.0 s
criterion for a ‘long’ duration gamma-ray burst (where T90
is the interval within which 90% of the integrated counts
from the burst are detected Kouveliotou et al. 1993).
Our primary source for redshift information was the
compilation provided in the Swift burst lookup table2. This
table is hosted by Swift and seeks to compile data on these
triggers and their follow up from GCN announcement and
other sources, although its data is occassionally superceded
by more detailed analyses. For two sources in our sample,
GRB060814 and GRB071003, two highly discrepant red-
shifts appear in the literature.
GRB071003 was initially reported as lying at z = 1.10
due to the presence of an absorption line system in the after-
glow at this redshift (Perley et al. 2007). However reexami-
nation of the afterglow spectrum revealed the presence of a
weaker but convincingly detected line system at z = 1.604
1 http://swift.gsfc.nasa.gov/archive/grb table/
2 http://swift.gsfc.nasa.gov/archive/grb table/
(Perley et al. 2008). This latter redshift is now the accepted
value for this burst. While we initially selected this source
for observation based on the lower redshift, we adopt the
better supported value of z = 1.60 for the analysis in this
paper.
GRB060814 was selected for follow-up based on the
z = 0.84 interpretation given in the Swift burst table,
derived from Keck spectroscopy (Thoene, Perley, & Bloom
2007) at early times and appearing in several catalog pa-
pers (e.g. Kann et al. 2010). However later observations have
suggested that the faint host galaxy was misidentified and
a second redshift z = 1.92 was reported, from line detec-
tions in a star forming galaxy determined to be closer to the
burst location (Salvaterra et al. 2012; Kru¨hler et al. 2012).
Throughout, we give results for the z = 1.92 hypothesis
based on the higher probability that this is the host galaxy
redshift. We note that the measured flux limit would corre-
spond to a substantially lower star formation rate if z = 0.84
is used instead (as figure 2 illustrates). If this target were
detected, it would also be subject to some uncertainty as to
whether the flux arose from the GRB host, or the interven-
ing z = 0.84 galaxy. Due to the likely high redshift (which
renders comparison with the rest of our sample problem-
atic) and degree of ambiguity, this source is omited from
statistical analyses in section 5.
2.2 ATCA Observations
Radio continuum observations of 13 GRB host galaxies were
undertaken in 2011 April 15-19 using the Australia Tele-
scope Compact Array (ATCA)3. The targets for this pro-
gramme were selected as Swift-detected long gamma-ray
bursts lying at z ∼ 0.5 − 0.8, based on published obser-
vations. Four targets were included which satisfy the condi-
tions for being defined as ‘Dark GRBs’ (i.e. optically faint,
see section 5.3).
Data were taken simultaneously at 5.5 and 9.0GHz,
with a correlator bandwidth of 2GHz centered on each fre-
quency. The telescope was in its most elongated 6A configu-
ration, with maximum and minimum baselines of 5.938 and
0.337 km respectively, aligned East-West, and earth rota-
tion synthesis was used to improve coverage of the uv-plane.
Data were taken across the full range of possible hour angles,
with a total on-source integration time per target of ∼140
minutes. A bright, compact source close on the sky to each
target was used for phase calibration, and absolute flux and
bandpass calibration were determined through observations
of PKS 1934-638 (the standard calibrator for ATCA).
Data were reduced using the standard software pack-
age miriad (Sault et al. 1995), applying appropriate band-
pass, phase and flux calibrations, and after flagging the
dataset for radio frequency interference. Each band com-
prised 2048 channels, each of 1MHz bandwidth. Multi-
frequency synthesis images were constructed using natu-
ral weighting and the full bandwidth between the flagged
edges of each band. The resulting synthesised beam de-
pends on uv-plane coverage. This tends to be relatively
poor for northern sources, so the beam is elongated in
declination as given in table 1. The targets were placed
3 Observations associated with programme C2544
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close to the centre of the 8.5 arcmin primary beam. Given
their redshifts and the typical identification of GRB hosts
as relatively low mass galaxies (e.g. Svensson et al. 2010;
Savaglio, Glazebrook, & LeBorgne 2009) our GRB host tar-
gets were expected to be compact or point sources in these
observations. In each image, multiple faint sources were de-
tected, and the images were ‘cleaned’ using standard pre-
scriptions.
The resulting 5.5GHz synthesis images were inspected
for any flux excess in close proximity to the burst or its host
galaxy (where known). The typical uncertainty in the en-
hanced Swift XRT position for the burst (Evans et al. 2009)
is 1.4 arcseconds, with a few cases where the constraints
are poorer (∼3 arcsec). In four fields, a flux excess exceed-
ing the typical image noise by a factor of two were observed
within the XRT error circle, or coincident with a known host
galaxy. Either incomplete sampling of the uv-plane or the
presence of a bright object close to the telescope beam can
leads to flux being scattered across a synthesised image in a
correlated noise pattern. We inspected each target to ensure
that there was no sign of large scale pattern noise that might
explain a flux excess at the target location.
In order to rigourously determine the 5.5GHz flux (or
limit) for each target and its associated uncertainty, we made
use of the miriad task ‘imfit’, specifying that the software
attempt to fit a point source, matching the dimensions of the
synthesised beam. In order to allow the most conservative
limit on the host galaxy flux (i.e. the maximum value per-
mitted by the data), we permitted the algorithm to search
around the XRT position by up to twice the width of the
elongated synthesised beam in Right Ascension and a beam
width in declination, sufficient to encompass both the XRT
error circle and any plausible uncertainty associated with
bandwidth smearing or the telescope pointing algorithm.
This typically resulted in a search box of ∼ 10 × 3′′, and a
measured offset of peak flux from the provided coordinates
of < 2 arcseconds.
For non-detections, we report the maximum permitted
point source flux and its associated error (scaled by the soft-
ware to account for correlated noise), based on this pro-
cedure in table 1. These represent conservative limits. The
scaled errors, which account for the difficulty in determining
a flux excess above the structured background noise exceed
the image root-mean-square noise (often quoted as a flux
uncertainty) by a factor > 5.
For the four sources with an identified flux excess within
the search region, we explored the possibility of fitting an ex-
tended source, resulting in a poorer fit to the data in all four
cases. In each case, ‘imfit’ returned a position consistent with
the peak flux identified by visual inspection of the images.
For consistency, and based on the large synthesised beam of
the telescope at these frequencies, we report the point source
flux for these objects together with the reported estimate of
uncertainty in table 1, and present 5.5GHz radio maps of
these objects in figure 1.
Of these objects, two (GRBs 100621A and 100418A) are
well defined, clear radio detections coincident with the GRB
X-ray location. A third (GRB050223) shows a significant
(3σ) point source coincident with the host galaxy identified
by (Pellizza et al. 2006). The fourth source (GRB060729)
presents an excess of 2.3 σ over the background noise, coin-
cident with the burst location.
While marginal as a claimed detection, this flux excess
remains when the data is sub-divided, or a different weight-
ing is used for image reconstruction. In addition to being co-
incident with the X-ray location, the flux excess is stronger
than any of the likely noise features in its vicinity on the im-
age, and is not straightforwardly attributable to the beam
pattern extending from any other object. The probability
of a noise fluctuation of this strength occuring in our search
region by chance is 3%. In our sample of 17 sources (combin-
ing ATCA targets with the VLA observations discussed in
section 2.3) we might expect 0.5 such fluctuations (assuming
gaussian statistics). We note that no targets in our sample
show a negative flux of comparable significance. Thus, while
it remains possible that this radio flux is not attributable
to the target, in the analysis that follows, we treat the mea-
sured 5.5GHz flux as a radio detection, with the caveat that
it might also be treated as a robust upper limit.
Observations at 9.0GHz are more sensitive to atmo-
spheric conditions and yield less sensitive constraints on star
formation rate for all but the most peculiar of radio spectral
slopes. We nonetheless inspect our 9.0GHz for targets co-
incident with the GRB locations, using the same procedure
described above. Two of the 5.5GHz-detected sources were
also detected at 9.0GHz. The remaining sources showed no
evidence for a 9.0GHz detection.
We note that the constraints obtained above may
be weakened if the sources are extended relative to the
synthesised beam. The median effective radius of GRB
host galaxies is ∼ 1.7 kpc (Wainwright, Berger, & Penprase
2007). This corresponds to a projected size of just 0.3′′ at
z = 0.5 and 0.2′′ at z = 1.0. Of 47 GRB hosts in the
Wainwright, Berger, & Penprase (2007) sample, only one
(GRB011121 at z = 0.34) would be comparable to a 1.5′′
beam size in our imaging. While it is possible that a more
extended host may exist within our relatively small sample,
such studies of archival space-based imaging suggest that
this is unlikely.
2.3 VLA Observations
The survey was extended to higher redshifts (z = 1.0− 1.6)
through the observation of four additional sources at the
Karl G. Jansky Very Large Array (VLA). Observations were
obtained in service mode in June-July 2012 and were associ-
ated with programme 12A-279 (PI: Stanway). A total band-
width of 2GHz was centred at 5.5GHz, with data collected
in 1024 channels, each 2MHz in width. Observations were
performed in B configuration.
Three targets - GRBs 071003, 080413B and 091208B -
were each observed for ∼80 minutes on source, and a fourth
target - GRB 100901A - for ∼160 minutes. As in the case
of the ATCA observations above, a nearby point source was
used for phase calibration on each target and absolute flux
calibration was provided by the standard calibrator 3C48.
Data were flagged and reduced using standard CASA tasks,
producing a multi-frequency synthesis image for each target,
using natural weighting. Both the improved instantaneous
uv-plane coverage and the northern location of the VLA
relative to the ATCA led to a more compact synthesised
beam in these observations, as shown in table 1.
Each image revealed a number of faint radio sources, as
well as known catalogue sources. In the field of GRB 071003,
c© 2014 RAS, MNRAS 000, 1–14
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Object ID location z 5.5GHz Flux S/N Beam size SFR 9.0GHz Flux
(J2000) µJy/beam M⊙ yr−1 µJy/beam
GRB081007 22:39:50.49 -40:08:49.1 0.529 38.1 ± 26.7 3.9×2.2′′ < 35
GRB060729 06:21:31.79 -62:22:12.4 0.54 65.4 ± 27.8 2.3 4.1×1.8′′ 55 ± 24 60 ± 41
GRB100621A 21:01:13.10 -51:06:22.8 0.542 120.1 ± 31.9 3.8 3.5×2.2′′ 101 ± 27 106 ± 42
GRB090424 12:38:05.12 +16:50:15.4 0.544 36.6 ± 28.0 10×1.7′′ < 38
GRB050223 18:05:32.35 -62:28:19.7 0.591 90.5 ± 30.1 3.0 3.3×2.0′′ 93 ± 31 93 ± 48
GRB050525A 18:32:32.64 +26:20:21.6 0.606 15.6 ± 33.8 8.4×1.6′′ < 53
GRB100418A 17:05:27.19 +11:27:39.8 0.623 363.0 ± 48.0 7.6 18×1.6′′ — 199 ± 57
GRB051022 23:56:04.11 +19:36:23.7 0.809 23.0 ± 35.5 14×1.5′′ < 98
GRB070508 20:51:11.80 -78:23:05.1 0.82 35.0 ± 28.2 4.3×1.6′′ < 101
GRB071112C 02:36:50.95 +28:22:16.7 0.823 50.1 ± 25.2 7.3×1.6′′ < 126
GRB050824 00:48:56.20 +22:36:32.9 0.83 42.3 ± 33.2 10×1.5′′ < 111
GRB080710 00:33:05.63 +19:30:05.5 0.845 42.6 ± 28.8 11×1.6′′ < 112
GRB060814 14:45:21.32 +20:35:09.2 1.92 43.6 ± 23.5 9.1×1.6′′ < 670
GRB091208B 01:57:34.10 +16:53:22.9 1.063 0.0 ± 4.2 1.3×1.1′′ < 33
GRB080413B 21:44:34.60 -19:58:51.8 1.101 7.6 ± 4.7 1.9×1.0′′ < 39
GRB100901A 01:49:03.41 +22:45:30.1 1.408 0.2 ± 2.9 1.2×1.1′′ < 42
GRB071003 20:07:24.11 +10:56:51.1 1.604 2.1 ± 4.3 1.4×0.9′′ < 83
Table 1. Results from the radio observations at 5.5 and 9.0GHz, taken at the ATCA and VLA. Objects are ordered by redshift, with
the exception of GRB060814 (see section 3). Fluxes and 1σ uncertainties are given in µJy/beam. The beam size is given at 5.5GHz
and is half this size at 9.0GHz. For measurements with an associated S/N> 2, the signal to noise is shown in the fourth column. The
penultimate column gives the inferred star formation rate in solar masses per year, assuming the radio flux is driven by star formation,
as described in section 4, with 2σ limits where appropriate. The detection of GRB100418A is not interpreted as star formation (see
section 3). If GRB060814 is instead placed at z = 0.84 (see section 2.1), the limit instead corresponds to ∼ 107M⊙ yr−1. For sources
detected at 5.5GHz, the final column gives the observed-frame 9.0GHz flux in µJy. No other sources are detected at 9.0GHz. The final
four sources were observed at the VLA, and 9.0GHz data was not taken. Locations are given for the GRB afterglow and taken from the
Swift XRT enhanced positions catalogue.
we recover the known NVSS galaxy J200658+110024 at a
separation of 7.3 arcmin from our target. As before, we per-
mit a small search region, allowing for the X-ray position
uncertainty, any pointing uncertainty or offsets between the
GRB or its host. None of the four targeted sources were indi-
vidually detected. Given the non-detection, we measure the
flux within the GRB error circle, allowing for small (< 2′′)
shifts in the centroid if these maximise the flux, thus achiev-
ing the most conservative constraints. Our resulting sensitive
flux limits as shown in table 1 and figure 2.
3 AFTERGLOW OR HOST GALAXY?
The majority of the targets in this survey were observed a
substantial time (>2 years) after the initial burst. However,
in two cases - GRBs 100418A and 100621A - radio fluxes
were obtained less than a year post-burst in the galaxy rest-
frame. Given that these sources are two of only four detec-
tions in our sample, the question arises: are we observing
host galaxy flux, or are our observations contaminated by
the late time radio afterglow of the burst itself?
We explore this possibility through archival imag-
ing and the literature. It has been established that GRB
100621A was unusually bright. Greiner et al. (2013) anal-
ysed the multi-wavelength afterglow properties, including
observations taken with ATCA in Jun-Jul 2010 (4-27 days
after burst) at the same frequencies as those observed here.
In table 2 we report the fluxes measured by Greiner et al.
(2013) and compare with those measured in our observa-
tions. Greiner et al. suggested that their 2010 Jul 17 obser-
vations (measured at 17 days post-burst in the rest frame)
might suggest a rapid fall off of the afterglow, or that the
early time data might be explained by scintillation.
The radio afterglow of long GRBs can be observed
across an extended period of time. Unlike the optical af-
terglow, which typically fades on a time scale of hours, ra-
dio afterglows extend across days or months. The timescales
for this afterglow depend on the observed frequency, since
high frequency flux peaks earlier than low frequency flux.
Chandra & Frail (2012) compiled data on 95 GRBs for
which there were radio detections spanning from minutes to
∼500 days following the Swift gamma-ray trigger. In 63 cases
there was sufficient data to determine a peak flux epoch for
at least one radio frequency. Only two sources have radio
afterglows peaking at >50 days at ∼5GHz or higher, with
the vast majority peaking at <10 days. Typical sources show
a fall in flux of more than an order of magnitude between
the first few days and a rest frame epoch of 200 days post-
burst, with the flux evolution at 8.5GHz being consistent
with f(t) ∝ t−1 for times after peak flux.
Our late time observations of GRB100621A are entirely
consistent with those measured almost 200 days earlier in
the galaxy rest frame. The 2010 July observation remains
discrepant but we note that this was also the noisiest obser-
vation, and given the large errors, the results are still con-
sistent within 2σ of our measured value. Since the initial
claim of a fading radio afterglow hinged entirely on this rel-
atively noisy datapoint, our late time observation suggests
that such an interpretation should be reconsidered.
We cannot rule out an afterglow hypothesis, and further
observations would be required to do so. However, given the
lack of evidence for fading or other significant time varia-
tion in this source at either 5.5 or 9.0GHz, we suggest that
the constant flux is at least as likely to arise from underly-
ing star formation in the host galaxy, rather than the burst
afterglow. We make this assumption in the analysis that fol-
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Figure 1. 5.5GHz radio maps of the four detections identified in table 1. We note again that the detection of the host of GRB060729 is
very tentative, at 2.3σ. Dark colours indicate higher fluxes, and contours are indicated at ±2, 3 and 4 times the image noise level. The
yellow cross and circle mark the Swift XRT location identified for the afterglow and its associated error circle. In the case of GRB050223,
the second cross indicates the position of the host galaxy identified by Pellizza et al. (2006), with which the radio detection appears
to be associated. Axes are labelled in arcsecond offsets from the XRT location, with North up. Note that the synthesised beam for
GRB100418A is very extended in declination, as shown in table 1.
lows, while noting that it is inevitably subject to debate.
Combining all available ATCA data in a single image (and
thereby improving uv-plane coverage and sensitivity), we
determine a best 5.5GHz flux for the host of GRB100621A
of 142±19 µJy, corresponding to a star formation rate of
119±16M⊙ yr
−1 (well within the range of star formation
rates seen for the GRB population, see next section) - con-
sistent with each of the reported individual measurements to
within their errors. The source appears to be a point source
at the resolution of the 3.2× 1.5′′ synthesised beam.
The radio afterglow behaviour of GRB100418A has also
been subject to previous investigation, with a campaign
of long term follow-up conducted by (Moin et al. 2013).
In figure 3, we place our observation in the context of
that study. Interestingly, our independent observation, taken
with ATCA, confirms the relatively high flux measured at
the VLA twelve days before (in the observer frame). This
might suggest a puzzling late time rebrightening of this
source at ∼200 days post burst trigger in the rest frame.
Whatever the implication of this high flux measurement, it
seems clear that the flux in this system is unlikely to be
Date Time post burst 5.5GHz flux 9.0GHz flux
2010 Jun 24-25 1.6 137 ± 17 150 ± 28
2010 Jun 25-26 2.3 129 ± 24 127 ± 45
2010 Jul 17 17 -43 ± 85 49 ± 100
2011 Apr 18 195 120 ± 32 106 ± 42
Table 2. ATCA observations of GRB100621A including those
presented here for the first time, and those reported by
Greiner et al. (2013). Fluxes and 1σ flux errors (measured for a
point source at the burst location) are given in µJy/beam. Time
after the Swift GRB trigger is given in days, calculated in the
source rest frame (observed frame / 1.5).
dominated by emission from the GRB host galaxy and so
cannot be interpreted as arising from star formation.
4 STAR FORMATION RATES
The radio continuum flux from a galaxy can be converted
to a star formation rate, assuming that the emission is
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Figure 2. The measured fluxes (or 2σ limits thereon) of the samples discussed in this paper. The four points at z > 1 are derived from
VLA data, the remaining points from ATCA data. The five points at z < 0.5 are those presented in Stanway et al (2010) and are shown
to provide a point of comparison. The five observations targeting the location of ‘dark’ bursts are indicated by asterisks (two detections,
three limits). The contours indicate inferred radio-continuum-derived star formation rates in solar masses per year, as discussed in section
4. We note that the highest flux detection, that of GRB100418A, should not be interpreted in terms of star formation as discussed in
section 3. GRB060814, at z = 1.92, is omitted from this figure for clarity.
dominated by the synchrotron component, which is emit-
ted by electrons accelerated in supernovae and their rem-
nants. Given that these events occur at the end of the life of
massive stars, the establishment of radio continuum emis-
sion shows a delay relative to the ultraviolet emission from
young starbursts, but is directly related to star formation in
older populations with ongoing star formation.
Star formation rates determined for GRB host galax-
ies based on optical-near-infrared emission are typically rel-
atively low, of order 1-10M⊙ yr
−1 and are derived either
from fitting to the spectral energy distribution or to some
assumed conversion factor from ultraviolet continuum or Hα
line emission (e.g. Savaglio, Glazebrook, & LeBorgne 2009;
Levesque et al. 2010a; Kru¨hler et al. 2011). However the in-
ferred star formation rate from fitting to the UV-optical pro-
vides information primarily about the often blue, relatively
young star forming population dominating the emission at
these wavelengths, and does not provide any useful con-
straint on the fraction of star formation taking place in ob-
scured regions. A relevant example is that of GRB 100621A,
which has a measured obscuration from the burst itself of
Av = 3.8, while a fit to the SED of the host yields just
AV = 0.6 (Kru¨hler et al. 2011). The star formation associ-
ated with the burst clearly occured in, or behind, a heavily
obscured region, and the optical data are not representative
of this extinguished population.
Since radio wavelengths are less affected by dust extinc-
tion than the ultraviolet and optical, we might expect this
c© 2014 RAS, MNRAS 000, 1–14
8 E. R. Stanway, A. J. Levan & L. J. M. Davies
1 10 100 1000
Days since burst (rest frame)
100
1000
Fl
ux
 / 
µJ
y
Figure 3. ATCA and VLA observations of GRB100418A placing
the observation reported here in the context of the radio afterglow
light-curve reported by Moin et al. (2013). Fluxes and 1σ flux er-
rors (measured for a point source at the burst location) are given
in µJy/beam. Observations at ∼5.5GHz are shown in black (as-
terisks: 5.5GHz from ATCA, crosses: 4.9GHz from VLA). Data
at higher frequency (∼ 7− 9GHz) is shown in grey. The 5.5GHz
flux reported here is shown in red. Time after the Swift GRB
trigger is given in the source rest frame.
flux to be a more complete measurement of the galaxy star
formation rate, and to exceed the optically-derived values if
substantial quantities of dust are present in the host galaxy.
We convert our measured 5.5GHz fluxes to star for-
mation rates, using the known redshift of the sources,
and the conversion prescription of Berger et al. (2003) and
Yun & Carilli (2002) which depends on observed frequency,
source redshift, and radio spectral slope, α.
Following Berger et al., we set α = −0.6, appropri-
ate for faint radio sources. Using a steeper spectral slope,
α = −0.75, results in star formation rate estimates 25%
higher but does not significantly affect our conclusions. We
fix the dust temperature and emissivity index at Td = 58K
and β = 1.35 respectively (again for comparison with previ-
ous studies). The derived star formation rates (in M⊙ yr
−1),
are relatively insensitive to these dust parameters for obser-
vations at ∼1-10GHz.
We over-plot contours on figure 2 to show the star for-
mation rates equivalent to the given 5.5GHz flux as a func-
tion of redshift. The last column in table 1 gives the inferred
star formation rate (or limit thereon) in solar masses per
year for each object, based on our 5.5GHz observations, as-
suming that the observed radio flux is attributable to star
formation. The measurement of GRB100418A is not inter-
preted as star formation, as discussed in section 3.
Given the very different beam shapes and sensitivities
of the ATCA data, we do not attempt to stack undetected
sources. However we do stack our three undetected sources
with VLA data at z ∼ 1.1. No source is detected in our
stack, which has an rms flux of 1.9µJy, limiting the mean
star formation rate of these three galaxies to < 16M⊙ yr
−1
(2σ).
We note that, while the host of GRB050223 is detected
at 3.4 and 4.6 µm, none of the objects in our sample are de-
tected in 22µm W 4-band infrared data from the ALLWISE
data release (Wright et al. 2010; Mainzer et al. 2011). Flux
Target λrest Flux SFR
µm mJy M⊙ yr−1
GRB050223 13.8 < 1.9 < 320
GRB060729 14.3 < 2.2 < 290
GRB100418A 13.6 < 1.2 < 220
GRB100621A 14.3 < 2.4 < 320
Table 3. WISE limits on observed 22µm (W4) flux and inferred
star formation rate for the four sources with possible radio detec-
tions. 2σ limits are given in each case.
in the long wavelength WISE bands is also excited by star
formation and can be used as a star formation rate indica-
tor, although this relies on calibrations that have been deter-
mined locally, and will vary as a function of redshift. At the
redshift of our four detected sources, the 22µm is probing
the rest frame region around 14µm - and so is sensitive to
hot dust and PAH emission. While strong flux in this region
is indicative of a strong photon source - often star forma-
tion - the conversion is dependent on the physical properties
of the star formation region and is thus poorly calibrated.
WISE is also a relatively shallow survey, sufficient to identify
very luminous sources, but not typical star forming galaxies
at z > 0.5. In table 3, we give flux limits and equivalent star
formation rate estimates for the four sources with proposed
radio detections in this work. We apply the star formation
rate conversion factor calculated from z = 0 − 0.3 galaxies
(Lee, Hwang, & Ko 2013) for luminosities measured in the
broad W 3 filter, which spans 11-16µm (observed) and thus
provides a better calibration for our distant sources than the
low redshift W 4 band. As can be seen, the limits obtained
by WISE are consistent with our inferred radio star forma-
tion rates for these sources, and also consistent with none
of the larger sample being heavily obscured, submillimeter
galaxy-like intense starbursts.
An additional constraint exists for one of our detected
sources - the host of GRB050223 - in the form of mid-
infrared Herschel Space Telescope data. Hunt et al. (2014)
observed a small sample of ‘dark’ GRBs with the PACS
and SPIRE instruments, obtaining constraints on their mid-
infrared spectral energy distribution (SED). In the case of
GRB050223, the host galaxy remained undetected, and the
SED fit is driven by the optical to near-infrared data ob-
served through to the WISE W 1 and W 2 bands. As figure 2
of Hunt et al. (2014) makes clear, the Herschel data do not
tightly constrain the SED of this target, and derived pa-
rameters such as dust temperature and emission spectrum,
star burst fraction, star formation rate and obscuration are
highly degenerate. In the case of GRB050223 the fit to the
stellar spectrum dominated optical does little to break these
degeneracies or constrain the longer wavelength emission.
Indeed the infrared star formation rate determined by these
authors is somewhat puzzling, actually falling below that es-
timated from the (uncorrected) ultraviolet emission. Given
that this host galaxy had already been identified as a dusty
starburst, with an AV > 2 (i.e. extinguished by a factor > 5
in the ultraviolet, Pellizza et al. 2006), one might expect an
estimate of the infrared emission to exceed the ultraviolet es-
timate by this factor, even without accounting for any more
obscured emission. Thus while noting that our estimate of
star formation significantly exceeds that of Hunt et al., we
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suggest that this indicates that further investigation of this
source, or a revision to the existing spectral energy distri-
bution fits, might be appropriate.
5 DISCUSSION
5.1 Redshift Evolution
In figure 4 we consider the GRB host star formation
rate measurements and limits derived from radio emis-
sion, as a function of lookback time. In addition to
the data reported in this paper and our previous work
(Stanway, Davies, & Levan 2010), we also plot the radio-
derived star formation rates reported and compiled by
Micha lowski et al. (2012). To enable direct comparison, we
adjust the star formation rates of Micha lowski et al. (2012)
to account for the steeper radio spectral slope assumed in
that paper, and to report 2σ limits where a source is unde-
tected.
In total, figure 4 includes data on 40 long gamma ray
burst host galaxies. Of these, a mere six have secure detec-
tions (excluding the afterglow of GRB100418A), and two of
those lie at z < 0.15 (i.e. 2Gyr lookback time), making clear
the difficulty of observing these low mass, moderately star
forming galaxies over substantial intervals of cosmic time.
Five sources have only modest constraints (a 2σ limit
on star formation rate >200M⊙ yr
−1) and a sixth source
is detected with a very high star formation rate (∼400M⊙
yr−1). This source, GRB021211 is a pre-Swift burst, ar-
guably with different selection criteria and characteristics
to the bulk of the sample. We note that the high flux den-
sity for this source (S1.4GHz = 330 ± 31µJy) reported by
Micha lowski et al. (2012) is inconsistent with that reported
by (Hatsukade et al. 2012), who constrain the star formation
rate to . 60M⊙ yr
−1 (2σ, with our assumptions). Further
investigation of this source is clearly needed.
In summary, no more than 5 of the 40 (12± 6%) GRB
hosts with radio constraints, have star formation rates ex-
ceeding 200M⊙ yr
−1. This confirms, and indeed strength-
ens, the findings of Micha lowski et al. (2012) who analysed
data on about half of this composite sample, and is some-
what lower than suggested by early, pre-Swift and higher
redshift work by Berger et al. (2003, who suggested a frac-
tion of 20%) and Tanvir et al. (2004, who detected 3 of 21
sources). The reasons for this remain unclear, although small
number statistics and the selection criteria for follow-up tar-
gets no doubt contribute to the discrepency.
The detection fraction in our z ∼ 0.5 (lookback time
∼5.5Gyr) ATCA observations is perhaps slightly higher
than might be expected based on the the statistics of the
sample as a whole. Of nine GRB hosts at 0.45 < z < 0.70
with star formation rate limits better than 200M⊙ yr
−1 we
detect three sources (33±19%). While these statistics are
still based on small numbers of objects, if they were typical
of the sample as a whole we might have expected several
more detections outside this redshift range, including more
examples at z < 0.5 and perhaps one of our z ∼ 1 targets.
At present, the number counts in this subsample are
insufficient to extrapolate further, and we note that one of
these is our least significant detection. However, it suggests
that further investigation may be warranted to determine
whether this anomaly resolves with added data, or remains
statistically significant. If there is, in fact, a redshift depen-
dence in the typical star formation rate of GRB host galax-
ies, then it is possible that z ∼ 0.5 may represent a sweet
spot in current telescope sensitivity relative to the typical
star formation rate in GRB host galaxies. At lower redshifts,
GRBs may be occuring in galaxies with lower typical star
formation rates, while at higher redshift, the current radio
limits are too weak to reliably probe this regime.
We note that other than this anomaly, there is at best
very modest evidence for redshift evolution in the radio de-
rived star formation rates in individual GRB host galaxies.
The measurement sample is dominated by upper limits at
all redshifts, but these are less constraining with increas-
ing redshift. Nonetheless the upper limits on typical sources
at lookback times of 6-10Gyrs (roughly corresponding to
z = 0.65 − 1.85) constrain the typical GRB host radio-
derived star formation rate to be no more than an order
of magnitude higher than that observed at z < 0.15. This
is comparable to the expected change in the typical star
formation rate for galaxies of a given mass over the same
interval due to the effects of downsizing (see, for example,
Speagle et al. 2014, and references therein), and so while we
limit the redshift evolution of GRB hosts, the current sample
is insufficient to conclude that their evolution is significantly
different to that of typical star forming galaxies over cosmic
time.
5.2 Core Collapse SN Hosts
Long GRBs are believed to be generated by the breakout of
relativistic jets during the collapse of of a massive star at
the end of its life (Woosley & Heger 2006). They have been
observed to be coincident with Type Ic supernovae, and may
be associated with core collapse supernovae (CCSN) more
generally (see Fruchter et al. 2006, and references therein).
However, as discussed in section 1, Fruchter et al.
(2006) found that GRB hosts are typically less optically lu-
minous than those of CCSNe, and also that the transient
is more closely associated with the peak of the light dis-
tribution in the host, based on optical photometry with the
Hubble Space Telescope. They suggested that this might well
represent a difference in the metallicity of the progenitor
population, with GRBs biased towards the most massive
and lowest metallicity stellar populations. This conclusion
was broadly supported by Svensson et al. (2010), who em-
ployed template fitting of the spectral energy distribution
of the host galaxies to make the same comparison. However
Svensson et al. (2010) concluded that the difference between
the two host populations was less pronounced in the blue
optical bands which are dominated by star formation. This
suggests the intriguing possibility that in the star formation-
dominated radio continuum, the two populations may again
appear similar.
We consider the published catalogue of core-
collapse SNe in the GOODS field (Strolger et al. 2004;
Dahlen, Strolger, & Riess 2008; Dahlen et al. 2012), match-
ing that also analysed by Svensson et al. (2010) and
omitting only sources without radio coverage. These sources
were initially selected, based on detection of the optical
supernova, to lie in the two GOODS survey fields due
to their extensive multi-wavelength coverage with HST
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Figure 4. The radio-inferred star formation rates (and limits) for GRB host galaxies with radio observations, shown as a function of
lookback time. Large symbols indicate 5.5GHz measurements taken as part of this programme from Stanway, Davies, & Levan (2010) at
z < 0.5 (lookback <5Gyr), and from the observations presented in this paper from ATCA (0.5 < z < 1.0, 5-7.5Gyr) and the VLA (z > 1,
>7.5Gyr). Small symbols indicate the measurements reported or compiled by Micha lowski et al. (2012) - triangles mark measurements
at < 5GHz and diamonds those at higher frequency. Note that several sources have measurements at multiple frequencies, so not every
point is independent. All limits are at the 2σ level. Large green diamonds indicate the average rates inferred for the hosts of core collapse
SNe in the GOODS fields as described in section 5.2, with horizontal bars showing the limits of each redshift bin. GRB060814 lies at
z = 1.92 and is omitted from this figure.
(Giavalisco et al. 2004). Both GOODS fields have also
been surveyed with deep radio imaging at 1.4GHz from
the VLA. We make use of the publically released maps of
GOODS-S from Miller et al. (2008) and GOODS-N from
Morrison et al. (2010). Both images have a comparable
sensitivity, and are on the same pixel scale. While several
core collapse SN hosts show a marginal detection, no
individual source is strongly detected. We combine the
radio flux at the location of those CCSN in the sample that
lie within the appropriate image to produce stacked images,
taking the mean pixel value at each point.
We divide the sample of CCSN in Svensson et al. (2010)
into four redshift bins, each with ∆z = 0.2, and combine the
objects in each separately. The resulting stacked images are
shown in figure 5 and their measured properties given in
table 4. Radio properties of individual GOODS supernova
hosts are given in the appendix and not discussed further
here. In three redshift bins the average CCSN host galaxy is
well detected. The z ∼ 0.85 sample has no clear detection,
and the measured flux is treated as an upper limit.
The GOODS-S field was observed by the VLA in Jun-
Sep 2007, >2 years after the last supernova was detected and
host galaxy measurements are unlikely to be contaminated
by residual flux from the supernovae. The GOODS-N ob-
servations represent a combination of data from 1996 and
Feb 2005-Apr 2006. We cannot rule out the contribution of
supernova flux to these observations, but note that ∼ 78%
of the GOODS-N data were collected either before the SNe
were detected, or > 1 year post-SN. The radio lightcurves
of core-collapse supernovae decay on comparable timescales
to those of GRBs but are typically at least two orders of
Figure 5. The stacked radio flux at 1.4GHz for core collapse
SN hosts in the GOODS fields, as described in section 5.2. The
average CCSN host is well detected in three redshift bins. The
third bin, centred at z ∼ 0.85 does not show any evidence for a
detection and is treated as an upper limit. The bright off-centre
source in the z ∼ 0.65 stack is the result of bright neighbours in
two individual images biasing the mean.
magnitude less luminous than GRBs at comparable redshift
(Kamble et al. 2014). Given the typical peak radio luminos-
ity of 2×1027 ergs s−1Hz−1 and a time decay of index ∼ −1
(Weiler et al. 2002), we would expect radio supernovae to
have dropped well below our stacked detection limit within
a year in the observed frame, at all redshifts considered here.
Assuming then that the host galaxy flux dominates over any
supernova contribution, we convert the fluxes to star for-
mation rates, using the same prescription given earlier to
account for the different observed-frame frequency of the
observations (1.4GHz rather than 5.5GHz).
The derived star formation rates are compared to those
of the GRB host sample and shown as large green diamonds
in figure 4. The CCSNe typically occur in galaxies with lower
star formation rates than are reached by current samples,
confirming that the scarcity of detections in our sample is
unsurprising. Interestingly, however, the results of the core
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< z > (Range) Number Flux1.4GHz / µJy SFR / M⊙ yr
−1
0.47 (0.35-0.55) 17 6.0 ± 1.2 1.7 ± 0.3
0.63 (0.55-0.75) 17 7.6 ± 1.6 4.1 ± 0.9
0.86 (0.75-0.95) 8 3.8 ± 1.9 < 4.2
1.04 (0.95-1.15) 9 7.9 ± 1.6 13.1 ± 2.6
Table 4. The number of sources and measured radio properties
of the CCSN host galaxy stacks discussed in section 5.2.
collapse supernovae host sample are consistent with an in-
crease in the typical radio-derived star formation rate in
these galaxies with increasing redshift.
This behaviour appears consistent with the expected
picture of cosmic ‘downsizing’ (Cowie et al. 1996). Not only
does the volume-averaged star formation density of the Uni-
verse increase by more than an order of magnitude with
increasing lookback time from z = 0 to z = 1 but the size
and star formation rate of galaxies in the star-forming pop-
ulation also increases. Thus, if core-collapse supernova rate
is directly proportional to star formation rate (i.e. the larger
core collapse population is an unbiased tracer, as GRBs are
not believed to be), the majority of events would be expected
to be seen in more intense starbursts at z ∼ 1 than typically
exist in the local Universe. As a result the detection of a
single core-collapse supernova implies the existence of more
young stars if it occurs at z ∼ 1 than if it occurs more locally,
and any attempt to reconstruct the cosmic star formation
history would require an adjustment for this evolution in the
host galaxy population.
If GRBs are indeed still more biased towards low metal-
licity environments, as theoretically and observationally sug-
gested (e.g. Woosley & Heger 2006; Levesque et al. 2010a;
Graham & Fruchter 2013), but not universally accepted
(e.g. Levesque et al. 2010b), then this effect would likely be
stronger, with lower star formation rates needed, on average,
to produce a burst at high redshift than in the local Uni-
verse, since a fraction of the higher metallicity star formation
is not represented in the GRB rate. Further observations are
clearly required to determine whether GRB hosts follow a
similar pattern to that seen in the small sample of CCSN
presented here, which could plausibly bias attempts to in-
terpret the burst rate at a given redshift as a proxy for the
volume averaged cosmic star formation rate. We note that
the increase in radio-derived star formation rate between our
lowest redshift bin and the highest is a factor of 7.7+3.5
−2.5. If
the typical rates seen in GRBs in the local Universe increase
by a similar factor, it would be doubtful whether our radio
observations are sufficiently sensitive to detect them.
In a pessimistic scenario, where GRB hosts are no more
radio luminous than those of the larger CCSN population
at high redshift, securing radio detections at the level of the
core collapse supernovae hosts would require an improve-
ment in sensitivity by a factor of 10 over the current obser-
vations. While using a larger array (for example the VLA
rather than ATCA) may allow progress to be made in rea-
sonable integration times at z ∼ 0.5, the hosts at z ∼ 1 will
need integration times approaching 8-10 hours per source to
reach star formation rates of ∼10M⊙ yr
−1, making this an
expensive study to undertake.
5.3 Dark GRB Hosts
Four of our sample, GRBs 051022, 060814, 050223 and
100621A, have been identified as dark bursts in earlier work.
These are defined as sources which are sub-luminous in the
optical relative to the X-ray, typically with an optical-to-X-
ray spectral slope βOX < 0.5. This spectral index is beyond
those normally allowed in GRB fireball models, and is most
commonly attributed to the presence of dust in the GRB
host galaxy. Indeed, the majority of these dark bursts have
been shown to be associated with high optical extinctions
(Perley et al. 2013). Studies in the optical and near-infared
have suggested that the hosts of such bursts are typically
more massive and chemically evolved than those of other
GRBs, with higher star formation rates (e.g. Perley et al.
2013; Kru¨hler et al. 2011). However, as already discussed,
dust obscuration can make intepretation of galaxy spectral
energy distributions challenging. Given the difficulties asso-
ciated with faint optical emission, radio continuum obser-
vations have the potential to improve our understanding of
the host galaxies of these sources (Zauderer et al. 2013).
Two of our candidates, GRBs 051022 and 060814 are
included in the dark burst sample of Perley et al. (2013).
Another, GRB050223, does not satisfy the strict criteria
for βOX , with the strongest available constraint of βOX <
0.8, but based on its host galaxy properties Pellizza et al.
(2006) claim this source as part of the dark sample (although
Page et al. 2005, find no evidence for excess extinction in the
X-ray emission from the burst). A high extinction (AV=3.8)
and low βOX = 0.278 has also been reported for a fourth
source, GRB100621A (Kru¨hler et al. 2011; Melandri et al.
2012).
Radio constraints on the host galaxies of an exclusively
‘dark’ sample of 15 hosts, observed from the VLA, have re-
cently been presented by Perley & Perley (2013). Only one
source, GRB051022, overlaps with the sample presented
here, with the majority of targets in the Perley & Per-
ley study lying at higher redshift than those in our sam-
ple. Four of their targets were detected: 3 host galaxies at
SFR> 800M⊙ yr
−1 and GRB051022 at 74 ± 20M⊙ yr
−1,
consistent with our limit given in table 1. Two further host
galaxies (GRBs 060202 and 090417B) were constrained to
have radio star formation rates under 120M⊙ yr
−1, while
the remaining, higher redshift targets, have less constrain-
ing upper limits on their star formation rates spanning from
< 325 to a relatively weak < 4140M⊙ yr
−1.
We detect the hosts of dark GRBs 050223 and 100621A
in our 5.5GHz observations, giving radio-derived star forma-
tion rates of ∼ 90− 100M⊙ yr
−1 – significantly higher than
the majority of GRB hosts. Given the likely high redshift of
GRB060814 (see section 2.1), the star formation rate con-
straint on this source is rather weak and we exclude it from
further discussion.
Between the Perley & Perley (2013) study and the ob-
servations reported here, the hosts of nine dark bursts have
detected or well constrained radio derived SFRs - three
in the range SFR∼ 70100M⊙ yr
−1, three with higher star
formation rates more akin to ULIRGs (> 200M⊙ yr
−1),
and three undetected sources constrained to have SFR<
120M⊙ yr
−1 (typical of the GRB host population as a whole,
see figure 4). The remainder (lying at higher redshift) have
relatively weak constraints on their radio flux and could still
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be harbouring star formation rates of several hundred so-
lar masses per year, and yet remain undetected. As with
GRBs 060814, we exclude these from further analysis.
To evaluate the probability of this detection rate occur-
ing by chance, assuming that dark burst hosts are drawn
from the same underlying star formation rate distribution
as the non-dark burst sample, we consider a bootstrap re-
sampling of the full existing, non-dark burst, dataset. The
observations presented here and in Micha lowski et al. (2012)
provide detections or limits of < 120M⊙ yr
−1 or better on
28 individual non-dark sources. We make the conservative
assumption that we have barely missed detecting the ma-
jority of sources (i.e. that their 2σ limits are representative
of their true star formation rates), and randomly draw sub-
samples of nine objects from this compilation to mimic the
dark burst sample, repeating the process 107 times. We find
that in only 1.7% of cases do six or more randomly sampled
objects in a sample of nine have star formation rates exceed-
ing 60M⊙ yr
−1. As such, it is highly unlikely that the dark
busts we have identified above, are drawn from same under-
lying population as the non-dark bursts. The deviation of
dark burst host star formation rates from those of the non-
dark GRBs, is significant at the 2σ level (subject, of course,
to the vagaries of low number statistics) and merits further
investigation.
This may suggest that while, as Perley & Perley (2013)
and others have concluded, dark GRB hosts are typically
forming stars at a lower rate than submillimeter galaxies,
they are nonetheless biased towards systems with higher star
formation rates than seen in the general, less extinguished
long GRB host population.
6 CONCLUSIONS
Our conclusions can be summarized as follows:
(i) We present observations of 17 gamma ray burst host
galaxies at 5.5GHz, with 13 of these also observed simulta-
neously at 9.0GHz. Typical rms noise levels in the images
are ∼30µJy/beam.
(ii) Radio continuum (5.5GHz) point sources are de-
tected at the location of four GRBs (GRB050223, 060729,
100418A and 100621A). Assuming a standard conversion
factors, the fluxes of these correspond to radio-derived star
formation rates of ∼ 60− 200M⊙ yr
−1.
(iii) Comparison of our late time measurements with pub-
lished data suggests that the radio flux reported at early
times by Greiner et al. (2013) in GRB100621A likely arises
from the host galaxy rather than the burst afterglow as pre-
viously suggested. However our detection of GRB100418A
likely arises from late time radio afterglow emission. Our re-
maining two sources are observed several years post-burst.
(iv) Based on our observations, we see no strong evidence
for evolution in the typical star formation rate of the GRB
host galaxy population with redshift, but note that we detect
three sources at z ∼ 0.5 - an anomalously high fraction of
sources in that redshift bin. Given the small number statis-
tics it is difficult to comment further on the significance of
this.
(v) We compare to the typical radio emission of CCSN
hosts from the GOODS survey, securing detections in
stacked samples at z ∼ 0.47, 0.63 and 1.04, but not at
z ∼ 0.86. These detections correspond to star formation
rates that are substantially lower (by an order of magni-
tude) than current GRB host limits. They also show some
evidence for a trend towards higher star formation rates at
higher redshift.
(vi) Four of our targets satisfy criteria for identification
as dark bursts. We detect two of these. In combination with
earlier results, we suggest that these sources may have av-
erage star formation rates rather higher than those seen in
the general population of long GRB hosts.
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APPENDIX A: THE HOSTS OF CORE
COLLAPSE SUPERNOVAE
As discussed in section 5.2, we extract radio fluxes at
the locations of core-collapse supernovae originally iden-
tified as part of the GOODS campaign (Giavalisco et al.
2004). Sources identified during the 2002-2003 observ-
ing campaign were catalogued, classified and reported by
Strolger et al. (2004), listed both by ‘nickname’ and IAU
approved transient name. Sources from 2004-2005 were clas-
sified by and discussed in Dahlen, Strolger, & Riess (2008)
and Dahlen et al. (2012). Formal IAU naming was not
sought for these later objects. Spectroscopic redshifts were
obtained either from literature values for the supernova
host galaxy or through Keck Observatory spectroscopy pri-
marily originating from or compiled by the Team Keck
Treasury Redshift Survey (Wirth et al. 2004). Target clas-
sifications, locations and redshifts for all these sources
were made available electronically in 2008, as described in
Dahlen, Strolger, & Riess (2008), and we make use of this
publically released catalogue, and specifically those super-
novae classified as core collapse and within the coverage re-
gion of the available radio imaging.
In this appendix we tabulate the measured radio
c© 2014 RAS, MNRAS 000, 1–14
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fluxes at each position in table A1. Radio fluxes are mea-
sured on the publically released 1.4GHz VLA maps of
GOODS-S from Miller et al. (2008) and GOODS-N from
Morrison et al. (2010). Names presented are those used in
previous literature. Where formal names are available these
are given, else the GOODS team ‘nickname’ is presented
for ease of comparison with previous work. For details of
the sample see Dahlen et al. (2012), see also Svensson et al.
(2010) for further analysis of these sources. Note that only
objects with redshifts between z = 0.35 and z = 1.35 con-
tribute to the stacks described in section 5.2. Six supernova
host galaxies are individually detected at better than 3 σ,
with the strongest two detections both lying at the low red-
shift end of the sample. The remaining objects do not rep-
resent individual detections at the supernova location.
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ID RA & Declination (J2000) Redshift Flux RMS S/N
µJy µJy
2002fz 03 32 48.566 -27 54 17.73 0.838 6.9 7.9 0.9
2002hq 03 32 30.027 -27 43 47.40 0.669 10.3 9.1 1.1
2002hs 03 32 18.537 -27 48 34.14 0.388 -3.8 7.6 -0.5
2002ke 03 31 58.677 -27 45 00.32 0.577 8.5 7.6 1.1
2002kb 03 32 42.429 -27 50 25.15 0.578 26.9 6.8 3.9 ∗
2002kl 12 37 49.281 62 14 06.61 0.412 5.6 6.0 0.9
2003ba 12 36 15.912 62 12 37.70 0.286 9.7 3.9 2.5
2003bb 12 36 24.423 62 08 36.58 0.955 8.0 4.4 1.8
2003bc 12 36 38.210 62 09 53.78 0.511 4.7 4.0 1.2
2003dx 12 36 31.681 62 08 48.66 0.512 5.7 5.0 1.1
2003dz 12 36 39.921 62 07 52.56 0.48 2.7 3.8 0.7
2003en 12 36 33.149 62 13 47.66 0.54 -0.81 4.0 -0.2
2003er 12 36 32.384 62 07 34.48 0.595 15.5 4.1 3.8 ∗
2003et 12 35 55.862 62 13 33.13 1.296 8.4 3.7 2.3
2003ew 12 36 27.806 62 11 25.07 0.517 5.1 4.0 1.3
2003N 12 37 09.265 62 11 00.65 0.425 3.0 6.3 0.5
K0404-005 12 36 27.056 62 15 09.75 0.79 -1.4 3.8 -0.4
K0404-006 12 37 06.731 62 21 17.82 0.406 4.0 4.4 0.9
K0404-008 12 38 03.647 62 17 11.77 0.278 69.0 3.9 17.5 ∗
K0404-010 12 36 46.069 62 16 25.80 0.61 -2.2 5.3 -0.4
K0404-011 12 36 49.362 62 16 04.83 1.53 1.9 4.0 0.5
K0405-001 12 35 50.757 62 10 37.95 1.012 5.6 3.8 1.5
K0405-002 12 36 26.710 62 08 30.15 0.556 0.40 4.4 0.1
K0405-005 12 36 35.991 62 17 32.67 0.683 -0.12 4.1 -0.03
K0405-007 12 36 58.447 62 16 37.37 0.497 -1.2 4.0 -0.3
K0405-008 12 37 33.842 62 19 22.24 0.88 2.3 5.0 0.5
HST04Bon 03 32 16.164 -27 49 41.81 0.664 34.0 6.9 4.9 ∗
HST04Cli 03 32 05.073 -27 41 42.61 0.75 6.82 7.1 1.0
HST04Con 12 37 08.258 62 12 53.74 0.838 6.1 3.9 1.6
HST04Cum 12 37 18.453 62 10 50.72 0.972 4.8 3.8 1.2
HST04Fox 03 32 41.765 -27 53 29.45 0.69 11.8 6.8 1.7
HST04Geo 12 36 44.432 62 10 53.19 0.937 2.2 4.2 0.5
HST04Gua 12 37 36.423 62 16 27.12 1.26 3.3 4.0 0.8
HST04Hei 03 32 42.415 -27 50 21.76 0.576 4.9 7.0 0.7
HST04Jef 03 32 23.679 -27 53 27.67 0.964 10.0 6.3 1.6
HST04Ken 03 32 44.702 -27 49 22.77 0.522 13.0 6.0 2.2
HST04Mur 03 32 35.307 -27 49 39.95 1.79 3.5 6.5 0.5
HST04Pata 12 37 25.258 62 10 06.36 0.41 32.4 4.1 8.0 ∗
HST04Patu 12 38 08.961 62 18 47.39 0.571 4.5 4.4 1.0
HST04Pol 03 32 19.681 -27 50 23.53 0.561 8.6 6.8 1.3
HST04Riv 03 32 32.407 -27 44 52.84 0.606 8.6 6.4 1.3
HST04Sos 03 32 22.638 -27 50 15.30 0.55 4.6 5.5 0.8
HST04Tov 03 32 49.625 -27 55 34.73 1.83 10.7 6.7 1.6
HST04Wil 03 32 13.061 -27 42 04.92 0.422 -6.9 7.2 -0.9
HST05Boy 03 32 44.859 -27 54 11.25 0.66 -10.6 7.3 -1.5
HST05Bra 12 37 21.764 62 12 25.67 0.48 10.4 4.9 2.2
HST05Cas 12 36 07.767 62 13 08.63 0.73 2.43 3.9 0.6
HST05Den 12 37 14.773 62 10 32.61 0.971 5.2 4.3 1.2
HST05Fil 12 37 19.329 62 15 59.30 1.21 2.9 4.0 0.7
HST05Kir 12 36 14.875 62 12 53.07 0.448 6.3 3.9 1.6
HST05Mob 12 36 25.518 62 15 11.04 0.68 1.3 3.6 0.4
HST05Pic 12 37 37.965 62 12 43.95 0.911 4.0 4.1 1.0
HST05Sco 12 36 51.196 62 19 56.11 0.93 -7.6 4.2 -1.8
HST05Sev 12 37 43.773 62 14 38.11 0.96 4.6 4.0 1.2
HST05Ste 12 37 01.534 62 17 47.13 0.475 3.5 4.5 0.8
HST05Str 12 36 46.879 62 11 45.21 1.06 2.3 4.3 0.6
HST05Ton 12 37 01.545 62 11 29.01 0.778 16.4 4.2 3.9 ∗
Table A1. Measured 1.4GHz data at the location of the core collapse supernovae discussed in this paper. Fluxes are measured on
the VLA data obtained as part of the GOODS programme as described in the text. Targets are ordered by identifier name (broadly
equivalent to ordering by date). Transients identified during the 2002-2003 observing campaign were reported by Strolger et al. (2004).
Sources from 2004-2005 were classified by and discussed in Dahlen, Strolger, & Riess (2008) and Dahlen et al. (2012). The ID column
refers to either the IAU transient name if assigned or the identifier assigned to the objects by the GOODS survey team, and used in
previous literature (e.g. Svensson et al. 2010), to allow for straightforward comparison. The fifth column gives the rms of the local noise
in the image for each object, and the sixth column the measured signal-to-noise at the supernova location. Six objects, marked with an
asterisk, are individually detected.
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